OBJECTIVE: Estrogen has been implicated in feeding behavior and adiposity. This study was undertaken to elucidate the mechanism underlying the anti-obesity and anorectic action of estrogen and the role of estrogen receptor (ER) in the central nervous system. METHODS AND RESULTS: Ovariectomy in 8-week-old female Wistar rats induced hyperphagia along with an increase in body weight and abdominal fat accumulation compared to control sham-operated rats. These changes were fully reversed by subcutaneous replacement of estradiol and were abrogated by pair-feeding. Then, the effects of intracerebroventricular infusion of estradiol, alone or in combination with antisense oligodeoxynucleotides (ODN), for ER in ovariectomized rats were examined. The estradiol group showed 10 -20% lower daily food intake, and after the 2-week infusion period a 14% reduction in body weight with a similar reduction in abdominal fat compared to the vehicle group. The inhibitory effect of estradiol on food intake and body weight was blocked by co-administration of ER-ß antisense ODN, whereas ER-a antisense ODN did not show any influence. CONCLUSION: These results indicate that ER-ß in the central nervous system is involved in the anorectic action of estrogen.
Introduction
Menopause, which is characterized by ovarian hormone withdrawal, is associated with various diseases such as osteoporosis and atherosclerosis. 1, 2 Obesity, a state frequently accompanied by multiple risk factors for atherosclerosis including type 2 diabetes, hypertension and hyperlipidemia, is also accentuated by menopause. The incidence of obesity increases with age and is higher in postmenopausal women than in age-matched premenopausal women. 3, 4 Estrogen replacement therapy is shown to inhibit the increase in body weight and fat accumulation in postmenopausal women. 4 Animal studies have also demonstrated that ovariectomy increases body weight, and estrogen replacement reverses this effect. 5 -8 These studies suggest that estrogen plays a role in the development of obesity.
Regarding the mechanism of estrogen action on body composition, two pathways need to be considered: an anorectic action through the central nervous system and a direct action on tissue metabolism. Previous studies 6, 7 have demonstrated that ovariectomy stimulates food intake, and estradiol replacement inhibits the effect. On the other hand, estrogen is reported to regulate the growth of fat and fat-free tissues, possibly by affecting protein synthesis 8, 9 and energy expenditure. 10, 11 Based on these findings, we investigated the anti-obesity effect of estrogen and the underlying mechanism, which is still unclear. In the present study, ovariectomy in female rats increased body weight and the weight of subcutaneous and peritoneal fat, with increased food intake. These changes were fully reversed by subcutaneous replacement of estradiol and were abrogated by pair-feeding. Then, using intracerebroventricular (ICV) infusion of estradiol, alone or in combination with antisense oligodeoxynucleotides (ODN) for the estrogen receptor (ER), we showed that estradiol attenuated food intake via ER-ß in the central nervous system.
Materials and methods

Animals
Female 8-week-old Wistar rats (Nippon Bio-Supply Center, Tokyo, Japan) weighing 160 -190 g were used in this study. They were maintained on a 12:12 h light -dark cycle (lights on 9:00 to 21:00) under controlled temperature (22 AE 1 C). They were given standard chow (MF; 24.6% protein, 5.6% fat, 3.58 kcal=g; Nippon Bio-Supply Center) and water ad libitum, except for during pair-feeding experiments. All of the experimental procedures were approved by the Animal Research Committee of the University of Tokyo.
Measurement of body weight, food intake and blood pressure Body weight of rats was measured in the steady-state using a balance (Sartorius 1000 AE 1 g; Yamato, Tokyo, Japan). Food intake of each rat isolated in a cage was calculated by weighing the remaining chow with a balance (Sartorius 120 AE 0.01 g; Yamato). Systolic blood pressure was measured by the tail-cuff method (UR-1000=UR-5000; Ueda Inc., Tokyo, Japan).
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Measurement of fat and serum estradiol concentration After the experimental period, the rats were anesthetized by intraperitoneal injection of sodium pentobarbital (50 mg= kg). Abdominal subcutaneous fat was removed as the fat mass between the bilateral spina ilica anterior superior lineae. Peritoneal omental fat was removed as the whole gastrocolic omentum. These sites of fat sampling were chosen because these fat masses are easy to distinguish from surrounding tissues. The amount of fat was measured using a balance (Sartorius 120 AE 0.01 g, Yamato). Blood samples were collected from the abdominal aorta, and serum estradiol concentration was measured by sensitive radioimmunoassay.
Western blot analysis
The whole rat brain was removed and the periventricular region (approximately 2 mm thickness around the right lateral ventricle and the dorsal third ventricle) was dissected using coronal sections. This region was used based on the ODN distribution experiments described below. The brain tissues were homogenized in phosphate-buffered saline containing protease inhibitors (Complete Protease Inhibitor Cocktail; Boehringer Mannheim) at 4 C. The lysate (40 mg protein per lane) was separated on 10% SDS -polyacrylamide gel, electroblotted onto nitrocellulose membrane, and immunoblotted with the antibody against rat ER-ß (donated by Dr Satoshi Inoue, The University of Tokyo) at final concentrations of 1:1000 at 4 C. Antibodies were detected with a horseradish peroxidase-linked secondary antibody using an enhanced chemiluminescence system (Amersham Pharmacia Biotech). Densitometric analysis was performed using an image analyzing software (NIH image version 1.61).
Protocol I. Systemic administration of estrogen with ad libitum feeding Rats were randomly divided into three groups. Two groups were bilaterally ovariectomized (OVX) and the other underwent sham surgery (sham group) under ether anesthesia. After a 1 week recovery period, one group of OVX rats (OVX þ E2 group) received subcutaneous injection of estradiol dipropionate (20 m=kg; Teikoku Hormone Co., Tokyo, Japan) suspended in corn oil once a week. 12 The sham and OVX groups received the same amount of corn oil as vehicle once a week. The rats were killed 3 weeks after ovariectomy or sham surgery.
Protocol II. Systemic administration of estrogen with pair-feeding The rat groups were Sham, OVX and OVX þ E2 as described in Protocol I. In this experiment, daily food supply was limited to 18 g per rat. This amount was determined based on the average ad libitum food consumption in sham rats. Complete food consumption was confirmed every day before food was given. The rats were sacrificed 3 weeks after ovariectomy or sham surgery.
Protocol III. i.c.v. infusion of estrogen The rats were ovariectomized and simultaneously implanted with a permanent guide cannula targeted to the cerebroventricle 13 under sodium pentobarbital (100 mg=kg i.p.) anesthesia. The rat's head was held level in a stereotaxic frame (David-Kopf, Tujunga), and implanted with a cannula (Alzet Brain Infusion Kit, 3 -5 mm, 28 gage; Alza Co., Palo Alto, CA, USA) in the right ventricle. An osmotic minipump (Alzet 2002, 0.5 ml=h; Alza Co.) prefilled with sterile 0.9% NaCl solution was connected to the i.c.v. cannula and implanted in the back.
After a 1 week recovery period, the osmotic minipump was replaced with a new minipump filled with water-soluble 17ß-estradiol (0.25 mg=kg=week; Sigma Chemical Co.) or its vehicle (2-hydroxypropyl-ß-cyckidextrin; Sigma Chemical Co.) under ether anesthesia. The rats were killed after 2 weeks i.c.v. infusion.
Protocol IV. i.c.v. infusion of ER antisense ODN Implantation of the i.c.v. cannula and initial osmotic minipump was performed as described in Protocol III. In this experiment, the osmotic minipump was replaced with a new minipump filled with ODN and water-soluble 17ß-estradiol or its vehicle.
The sequence chosen as the antisense ODN target overlapped the translation initiation codon of ER-a or ER-ß. Two ODN were synthesized as full phosphorothioate ODN, supplied as high-performance liquid chromatography-purified (Amersham Pharmacia Biotech) and dissolved in sterile 0.9% NaCl solution at a final concentration of 2 mg=ml (for 1 mg=h delivery). The rats were killed after 2 weeks i.c.v. infusion of ODN and water-soluble 17ß-estradiol or its vehicle.
Additionally, fluorescein isothiocyanate (FITC)-labeled ER-a and ER-ß AS ODN were used to examine the diffusion of ODN in the brain.
14 Following i.c.v. infusion of estradiol and FITC-labeled ODN for 14 days, the brain was perfusionfixed with 4% paraformaldehyde and removed. Serial coronal sections (10 mm thick) of the brain were viewed under a fluorescent microscope.
Statistical analysis
The values in the text, tables and figures are expressed as mean AE s.e.m. The data were analyzed using one-factor ANOVA. If a statistically significant effect was found, Newman -Keuls' test was performed to isolate the difference between the groups. A P-value of less than 0.05 was considered significant.
Results
Effect of systemic administration of estrogen on food intake, body weight and fat accumulation As shown in Figure 1A , daily food intake dropped after surgery and then increased gradually during the experimental period. OVX rats showed an accelerated rise in food intake compared to that in sham group. Estrogen replacement to OVX, however, lowered the increase, and the food intake in OVX þ E2 finally reached the level in the sham group. In parallel, body weight gain was enhanced in OVX, which was reversed by estrogen replacement (Figure 1B) . At 3 weeks after ovariectomy, total food intake was 12% higher and body weight was 15% higher in OVX than in the sham group (Table 1 ). In the three animal groups, there was a strong positive correlation between total food intake and body weight (r ¼ 0.748, P < 0.01).
To investigate whether fat accumulation was associated with the increase in food intake and body weight, the amount of abdominal subcutaneous fat and peritoneal omental fat was measured. Both the amount of subcutaneous fat and the amount of peritoneal fat were positively correlated with food intake (r ¼ 0.254, P < 0.01 and r ¼ 0.200, P < 0.05, respectively) and body weight (r ¼ 0.448, P < 0.01 and r ¼ 0.379, P < 0.01, respectively). As shown in Table 1 , both the amount of subcutaneous fat and the amount of peritoneal fat were higher in OVX than in sham group and OVX þ E2; the amount of subcutaneous fat was 24% higher and the amount of peritoneal fat was 13% higher in OVX than those in the sham group.
In the second set of experiments, we examined whether body weight gain and body fat accumulation in OVX rats were attributable to the increased food intake. To do so, the rats were pair-fed with the daily food supply matched with rats from the sham group for 3 weeks. Interestingly, body weight and fat accumulation in OVX were comparable to those in sham and OVX þ E2 groups ( Table 2 ). Figure 1 Time course of food intake (A) and body weight (B) in sham-operated (sham), ovariectomized (OVX), and ovariectomized and estrogenreplaced (OVX þ E2) rats fed ad libitum. Ovariectomy or sham operation was performed on day 0. Estrogen replacement was initiated on day 7 with subcutaneous injection of estradiol dipropionate (20 mg=kg weekly). n ¼ 8 for each group. ##P < 0.01 vs sham; *P < 0.05, **P < 0.01 vs OVX.
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Effect of i.c.v. infusion of estradiol on food intake and body weight, and role of ER-ß The results of previous experiments suggested that estrogen inhibited appetite, resulting in low food intake and lean body mass. Thus, we examined the effect of centrally administered estradiol on food intake and body weight in ovariectomized rats using i.c.v. infusion of water-soluble 17ß-estradiol or its vehicle. As shown in Figure 2A and B, daily food intake and body weight changes were significantly smaller in the estradiol group than in the vehicle group.
After the 2-week infusion period, the estradiol group showed reductions of body weight by 14%, of subcutaneous fat by 17% and of peritoneal fat by 11% (data not shown) compared to those in the vehicle group. Serum estradiol concentration in the estradiol group was not increased compared to that in the vehicle group (9.2 AE 1.6 vs 10.6 AE 0.5 pg=ml, respectively), indicating that estradiol did not leak out of the central nervous system at the infusion rate we used.
We next examined whether ER-a or ER-ß in the central nervous system mediated the anorexic effect of estrogen. For this purpose, i.c.v. infusion of antisense ODN for ER-a or ER-ß in combination with estradiol or its vehicle was performed. As shown in Figure 3A and C, the inhibitory effect of estradiol on food intake was abolished on day 5 by the coadministration of antisense ODN for ER-ß. Subsequently, however, ER-ß antisense ODN exhibited a partial antagonizing effect. The possible stimulatory effect of ER-ß antisense ODN alone on food intake was excluded by comparing it with that of ER-ß scrambled ODN or ER-a, antisense ODN alone (data not shown). Other ODN including ER-a antisense, ER-ß scrambled and ER-ß sense did not show a significant influence on the anorexic effect of estradiol. Consistent with the effects on food intake, only ER-ß antisense ODN antagonized the effect of estradiol on body weight; abrogating the effect on day 5 and subsequent partial inhibition ( Figure 3B and D) .
To examine whether the antisense ODN inhibited the protein levels of ER-ß, the brain was removed after the 2-week infusion period and used for immunoblotting. In experiments using the whole rat brain, no significant effect of antisense ODN for ER-a or ER-ß was found (data not shown). Furthermore, experiments using FITC-labeled ODN showed that the distribution of ER-a and ER-ß antisense ODN 
was localized in the brain region around the right lateral ventricle (infusion side) and the dorsal third ventricle (data not shown). Finally, therefore, the periventricular region was dissected and subjected to Western blot analysis for ER-ß. As shown in Figure 4 , ER-ß antisense ODN, but not ER-a antisense ODN, significantly inhibited the expression of ER-ß protein.
Discussion
In this series of experiments, we confirmed the previously reported results 7,8,15 -18 that systemic or intracerebral administration of estrogen exerted an anorectic action and inhibited body weight and fat accumulation in ovariectomized rats. The novel finding of this study is that i.c.v. infusion of antisense ODN for ER-ß antagonized the anorectic effect of estrogen. The result suggests that ER-ß plays a role in the anorectic action of estrogen.
The first set of experiments demonstrated that ovariectomy enhanced the body weight gain with increased abdominal fat accumulation in rats allowed free access to chow. This was fully reversed by estrogen replacement of a physiologic dose, as was shown in previous reports. 7, 8 Accumulation of visceral fat is known to play more important roles than subcutaneous fat in diseases such as type 2 diabetes, hyperlipidemia and hypertension. 19 Since estrogen is reported to decrease visceral fat rather than subcutaneous fat in postmenopausal women, 4 we examined the amount of both visceral (peritoneal) and subcutaneous fat in the rats. However, estrogen inhibited the accumulation of peritoneal fat and subcutaneous fat in parallel. This negative result might arise from the short duration of our experiments, as Zamboni et al 20 reported that regain of visceral fat after very-low-energy diet did not differ between pre-and postmenopausal women.
Obesity is attributable to an imbalance between energy intake and expenditure. In fact, ovariectomy increased and estrogen replacement decreased food intake to normal with a close correlation with body weight and abdominal fat in this study. Consequently, in the second set of experiments, we examined whether pair-feeding could affect the anti-obesity effect of estrogen. Interestingly, by matching daily energy intake, the difference in body weight and fat accumulation among the three animal groups disappeared. This result is Figure 3 Effect of i.c.v. infusion of antisense oligodeoxynucleotides (ODN) for estrogen receptor (ER) on food intake (A, C) and body weight (B, D) in ovariectomized rats. At 1 week after ovariectomy and implantation of an i.c.v. cannula, an osmotic minipump was connected to infuse water-soluble 17ß-estradiol (E2) or vehicle in combination with ODN for 2 weeks. Two kinds of antisense ODN (AS and AS2) for ER-a and ER-ß, and control scrambled (scrmb) and sense ODN for AS were used. Day 0 indicates the day when i.c.v. infusion of E2 or vehicle with ODN was initiated. Food intake (C) and body weight (D) on day 5 are shown as bar graphs. *P < 0.05, **P < 0.01 vs scrmb, sense and ER-a AS and AS2. #P < 0.05, ##P < 0.01 vs all other groups including ER-ß AS.
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contradictory to the previous pair-feeding studies where keeping food consumption constant did not prevent the increase in body fat in ovariectomized rats. 7, 21 The different results might arise from the timing of ovariectomy and=or the duration of the experiments. Clearly, estrogen can exert the influence on energy expenditure as shown in many studies, 7,10,11,21 but our results indicate that the anorectic action plays an important role in the anti-obesity effects of estrogen in our experimental condition.
i.c.v. infusion of estradiol verified that estrogen directly modulates the central nervous system to suppress hyperphagia in ovariectomized rats. Although i.c.v. cannulation without ovariectomy was not examined, daily food intake and body weight gain for the last 2 weeks were comparable between sham, OVX þ E2 and OVX þ i.c.v. E2 groups, and between OVX and OVX þ i.c.v. vehicle groups (see Figures 1  and 2 ). These data suggest that i.c.v. estradiol fully reversed the ovariectomy-induced increase in food intake and body weight. Possible targets for this action include the ventromedial hypothalamus (VMH), paraventricular nucleus (PVN), arcuate nucleus (ARC) and medial preoptic area (MPOA), because these regions of the hypothalamus are important in feeding behavior. VMH-lesioned rats were less responsive to estradiol replacement compared with control ovariectomized rats. 15 In contrast, PVN lesion 16 and microinjection 17 experiments suggest that the PVN is involved in the estrogen action on energy intake. It is also reported that microinjection of estradiol into the MPOA inhibited food intake in ovariectomized rats. 18 Taken together with the wide distribution of ER in the brain, 22 -24 multiple brain sites are considered to be involved in the anorectic effect of estrogen. Moreover, the effect of microinjection persists for less than half a day. 18 Therefore, in order to examine the chronic effects of estrogen and ER antisense ODN, we performed i.c.v.. infusion rather than microinjection into the nucleus of interest. It took 5 days to see significant inhibition of food intake along with body weight by i.c.v. infusion of estradiol. This is probably because the volume of the infusion cannula was 40 ml, so the solution in the osmotic minipump required 80 h to reach the brain. Estradiol concentrations in cerebrospinal fluid were up to 17 pg=ml (10.2 AE 2.8 pg=ml; mean AE s.e.m., n ¼ 5) after i.c.v. estradiol infusion. Therefore, the estradiol dose we used was a little above the physiologic range, as compared to the estradiol concentrations of 3.7 AE 0.3 pg=ml in cerebrospinal fluid of the control rats (sham, n ¼ 4). Those in ovariectomized rats were under or equal to the detection limit (1.0 pg=ml) whereas those were 4.0 AE 0.3 pg=ml in ovariectomized rats with systemic estradiol replacement (OVX þ E2, n ¼ 4). Accordingly, subcutaneous replacement of estradiol reversed the estradiol concentrations in cerebrospinal fluid. The signaling mediating the anorectic action of estrogen is unclear. Previous reports suggest the role of neuropeptide Y, 25 corticotropin-releasing factor 18 or leptin. 26 In our preliminary experiments, however, the level of neuropeptide Y mRNA in the brain assayed by Northern blotting was not significantly changed by i.c.v. infusion of estradiol (data not shown). Precise studies are needed to address this issue by considering the localization of neuropeptide Y in the brain 27 and the influence of fat mass on leptin production.
Both ER-a and ER-ß are reported to be widely distributed in the central nervous system. 22 -24 In the hypothalamus, both subtypes exist in the MPOA and ARC, whereas ER-a is predominant in the VMH and ER-ß in the PVN. These regions play important roles in feeding as well as in reproduction, sexual behavior and thermoregulation. Both receptors also appear to exist in the amygdala and hippocampus, where they may be involved in short-term memory and emotion. ER-ß is also present in the cerebellum and cortical regions. To examine which subtype of ER mediates the anorectic action of estrogen, we infused antisense ODN for ER-a or ER-ß together with estradiol. Antisense ODN for ERß-, but not for ER-a, inhibited the effect of estradiol on food intake and body weight. Western blot analysis demonstrated that ER-ß antisense ODN decreased the protein expression of ER-ß in the periventricular region. A large number of studies 28 successfully investigated the neuroendocrine and behavioral effects of intracerebral administration of antisense ODN including antisense ODN for ER-a. 29, 30 In the present study, specific effects of the antisense ODN for ER-ß were confirmed using two different sequences of antisense ODN and control sense and scrambled ODN. This was further supported by the results of immunoblotting. Accordingly, it can be concluded that ER-ß is involved, at least in part, in the anorectic action of estrogen.
The role of ER-a in the anorectic action of estrogen remains uncertain. Based on the null effect on food intake and body infusion of water-soluble 17ß-estradiol and ODN, the periventricular region of the brain was dissected and used for Western blot analysis of ER-ß. Antisense ODN (AS) for ER-a and ER-ß, and control scrambled ODN (scrmb) for AS were used. Ovaries obtained from intact female rats served as the control. Representative blots (upper panels) and densitometric analyses (lower panels) are shown. *P < 0.05.
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Y-Q Liang et al weight, it is possible that the two kinds of ER-a antisense ODN we designed were not sufficiently potent to exert their actions, although one of them (ER-a AS) is identical to the ODN that was effective in previous i.c.v. experiments. 29, 30 The finding in ER-a knockout mice provides some information on this point. In ER-a knockout mice, energy expenditure was significantly reduced compared to that in wild-type mice, whereas energy intake was unchanged, 11 suggesting that ER-a is not indispensable for the anorectic action of estrogen but is critical to energy expenditure. By comparing ER-a, ER-ß and double knockout mice in combination with antisense ODN, differential roles of ER-a and ER-ß in energy balance can be investigated in the future. Furthermore, administration of ER antisense ODN in normal rats could make the role of endogenous estrogen more clear.
In summary, we have shown that energy intake plays an important role in the anti-obesity effect of estrogen in a rat model of ovariectomy-induced adiposity, and that ERß in the brain is involved in the anorectic action of estrogen. These findings will add new information to the understanding of the role of estrogen in regulating obesity and metabolism.
